The effect of thickness and molecular structure on the probability of electron tunneling through water layers is investigated using a recently developed method. Water configurations of 1-4 layers are prepared between two parallel slabs of the Pt͑100͒ surface, using equilibrium molecular dynamics and the polarizable simple point charge water model. Electron tunneling probabilities through the different water layers are computed as functions of energy using the absorbing boundary conditions Green function method and employing either an effective two-body water-electron interaction or a many-body polarizable water-electron potential. As long as the electron incident energy is below the barrier and far from a resonance state, the tunneling probabilities can be reasonably fitted to a one-dimensional rectangular-barrier model. However, near and over-barrier transmission probabilities cannot be reasonably described using a one-dimensional model, and the three-dimensional discrete structure of the water plays an important role. In all systems, the many-body electronic polarizability of the water significantly affects the transmission probability. The role played by the first adsorbed water layer is also discussed. © 1997 American Institute of Physics. ͓S0021-9606͑97͒50516-2͔
I. INTRODUCTION
Electron tunneling through a condensed phase barrier is of fundamental importance to many processes in the physical and biological sciences. 1 One example of recent intense interest is the operation of the scanning tunneling microscope ͑STM͒, which has found many applications in electrochemistry, surface science, and biophysics. Despite numerous contributions, our theoretical understanding of the factors that influence the tunneling probability ͑and thus the tunneling current͒ is still incomplete. This situation is the result of several approximations and simplifying assumptions. In particular, most theoretical treatments of the tunneling process describe the condensed environment as a dielectric continuum. Consequently, the tunneling processes are usually described using one-dimensional models. Recent numerical studies of electron tunneling through three-dimensional molecularly detailed water structures [2] [3] [4] have demonstrated the inadequacy of such models for the quantitative accounting of the tunneling probability: First, elastic and inelastic scattering of the electron by the molecular structure make it impossible to describe the tunneling process using a onedimensional model. Second, the tunneling probability is strongly dependent on details of the molecular structure, such as the orientation of water molecules relative to the tunneling direction and their structure at the donor and acceptor sites. Finally, particular structures can support quasibound states of the electron. In neutral bulk water, such states have been designated as precursor states to electron solvation 5 and similar states are probably supported by interfacial structures, e.g., for water near an electrode surface, or by solutes and other impurities. In the context of electron transmission by water structures, these states may contribute to resonance tunneling and therefore strongly affect the energy dependence and the absolute magnitude of the tunneling probability. 4, [6] [7] [8] [9] [10] Similarly, ordered molecular structures may also affect electron transmission processes via their underlying band structure. 11, 12 Numerical studies 4 have also shown, as could be expected, that the large sensitivity to the barrier structure makes details of the electron-water interaction quite important in the quantitative understanding of the tunneling process. In particular, the many-body response associated with the polarizable nature of the water molecules may have significant impact on the energy and spatial characteristics of electron ''resonance'' states and therefore on the tunneling probability.
In this paper we numerically study electron tunneling through liquid water confined between two parallel planar electrodes. We consider in some detail the dependence of the tunneling probability on the thickness of the water layers and their structure, and compare the relative roles played by ''bulk'' water molecules and those directly adjacent to the electrode surfaces. We analyze our results in terms of an effective rectangular barrier model characterized by its height and width, taken as independent parameters. In this analysis, we assume that these parameters do not depend on the energy of the tunneling electron, so that its success can be used to assess the adequacy of such one-dimensional models. The results of the numerical calculations reported below suggest that such fits to effective one-dimensional rectangular barriers are successful in many, but not all, situ- ations. Moreover, even when an effective rectangular barrier describes the tunneling successfully, the associated height and width depend on the water structure in the interfacial region. Considerable departure from the rectangular barrier fit is found for structures that support resonance tunneling. The effect of details associated with the electron-barrier interaction is also studied, by comparing results obtained from using two models for this interaction. In the first, the electron-water interaction is taken as a sum of two-body terms, while in the second, the full many-body interaction associated with the water electronic polarizability is taken into account. This paper is organized as follows: In Sec. II, we describe our model systems and potentials, and briefly discuss the methodology for preparing the water configurations and for calculating the tunneling probabilities. In Sec. III, we analyze and discuss the results of the numerical calculations for different water layers, and consider the suitability of onedimensional barrier models. Conclusions are presented in Sec. IV.
II. MODEL AND METHODS
The calculation of electron tunneling probability through water layers involves two independent steps. First, we prepare equilibrium configurations of the water molecules between two metal walls using classical molecular dynamics simulations. Next, we solve for the quantum mechanical tunneling through the static configurations. These two steps will be referred to as the classical and quantum parts in the description below.
A. Water-water and water-wall potential energy functions
We choose as our water potential a polarizable flexible simple point charge model ͑PFSPC͒, which has recently been used to study the properties of water near the Pt surface. 13 The model represents a modification of a polarizable rigid SPC model developed by Dang, who has demonstrated that this model can reproduce many of the properties of liquid water quite reasonably.
14 Briefly, the intermolecular water potential includes a sum over two-body Lennard-Jones plus Coulomb interactions between the atomic sites and a manybody contribution due to the polarizable nature of the oxygen and hydrogen atoms. This contribution is calculated iteratively to achieve a self-consistent solution for the induced dipoles on the atoms of the water molecules. ͑For more information, see the discussion on the water-electron potential below.͒ The intramolecular potential is a polynomial fit to the water vibrational spectra and includes bond stretching, angle bending, and stretch-bend couplings. 15 More information about the potential and its fixed parameters can be found elsewhere. 13, 14 The metal surface is represented by three layers of Pt atoms, each layer being made of 6ϫ6 unit cells of a fcc lattice. The water-metal interaction energy is determined as a sum of the O-Pt and H-Pt pair interactions. These pair interactions are taken from the work of Spohr and Heinzinger. 16, 17 They give rise to an interfacial water structure that is consistent with the work function and surface potential measurements. Specifically, the lowest energy state for a single water molecule corresponds to an adsorption of the water with the oxygen on top of a Pt atom with the water dipole oriented away from the surface. When a full water layer is adsorbed, the tendency to maximize hydrogen bonding results in a water dipolar orientation that is mainly parallel to the surface, although a substantial net dipole normal to the interface still remains and causes a reduction in the metal's work function. More details about the potential energy functions and the interfacial water structure can be found elsewhere.
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B. Systems preparation
Six different systems are prepared. The first four systems ͑A-D͒ include several ͑1-4, respectively͒ water layers. Each one of these four systems is prepared by starting from an equilibrated configuration of 500 water molecules between the two parallel Pt͑100͒ surfaces and by removing enough water molecules to leave the desired number of water layers. The metal walls are then moved to new positions consistent with a water density of 1 g/cc. The systems are equilibrated for 200 ps, and the molecular dynamics run continues for an additional 200 ps in order to generate statistically uncorrelated water configurations. Systems F and G are prepared from system B by pulling apart the metal walls with the adsorbed water monolayers on them up to a desired distance. This distance is set equal to the distance in the systems with three and four full layers of water, respectively. This is done in order to gain more insight into the role played by the adsorbed water layer ͑as will be discussed below͒. In all cases, the molecular dynamics calculations are done using the Verlet velocity algorithm 18 with an integration time step of 0.5 fs. The self-consistent calculation of the induced dipoles on the water molecules is done every time step with a tolerance of 10 Ϫ4 D, which requires 2-3 iterations to achieve convergence.
The density profiles of the water molecules in systems A-F are shown in panels ͑a͒-͑f͒ of Fig. 1 . In all cases, the system's cross section is 23.5 Åϫ23.5 Å. The layer structure is clearly visible. It must be kept in mind that although these density profiles represent an average over many configurations ͑sampled during the 200 ps of trajectory͒, the structure of individual configurations still has the same general characteristic layer structure.
C. Water-electron potentials
The total potential experienced by the tunneling electron is assumed to be a superposition of a rectangular barrier representing the vacuum potential and the water-electron interaction. Two types of the latter interaction are considered in this work. One is the pseudopotential developed by Barnett et al., 19 which will be referred to as the nonpolarizable model, and the other is a polarizable model. The nonpolarizable model is an effective two-body potential and, in addition to the Coulomb, exchange, and exclusion terms, also includes a term which takes into account the polarizability of the water molecule in an average way. This is done by taking the corresponding contribution to the electron-water interaction as a sum of the two-body potential of the form,
where ␣ϭ1.444 Å 3 , is the effective value of the polarizability determined in Ref. 19 , R j is the position vector of the oxygen of the jth water molecule, r is the electron position vector, e is the electron charge, and the sum is over the N water molecules. R c ϭ0.85 Å is a cutoff distance ͑somewhat arbitrarily selected to be approximately the OH bond distance͒, which eliminates the zero distance singularity in this interaction. This potential has been used to study electron hydration and hydrated electron spectroscopy. 20 It is similar to other water-electron pairwise pseudopotentials, 21 and it is able to qualitatively account for the general features of electron solvation structure and energetics.
Although the polarizable nature of the water molecule is taken into account in the above model in an approximate way through effective two-body terms, there is evidence that a more accurate treatment of the many-body polarizable nature of the water molecule is necessary in some cases in order to achieve a better quantitative agreement with experiments. [22] [23] [24] In particular, we have recently demonstrated that taking into account the many-body aspect of the polarizability contribution to the water-electron interaction significantly affects the computed tunneling probability. 4 There is no completely satisfactory way to treat the many-body nature of the water-electron interaction, and several approximate schemes have been proposed that could be used depending on the time scale of electron motion. 25, 26 Our choice is based on the assumption that the tunneling process is slow relative to the electronic response time of the water molecule, so that the calculations of the water molecules' induced dipoles is done for a fixed position of the electron. Under this assumption, Eq. ͑1͒ is replaced by
where j is the electric dipole induced on the jth oxygen, and E is the electric field due to the electron at the position of the oxygen of the jth water molecule,
where r j is a unit vector from the electron to the jth oxygen, and r j 2 ϭ͉rϪR j ͉ 2 ϩR c 2 . The electric dipoles induced on the water molecules are determined by iterative solutions of the equations,
where T jk ϭ(1/r jk 3 )(IϪ3r jk ‫ؠ‬r jk ) is the polarizability tensor in which r jk is the distance between oxygens j and k, and r jk is a unit vector from oxygen j to oxygen k. More details about this can be found in an earlier publication. 4 We will refer to the model given by Eqs. ͑2͒-͑4͒ as the polarizable model.
Using this procedure for the polarization energy and including the other Coulomb, exchange, and exclusion terms, we determine on a grid of size 16ϫ16ϫ200 the electronwater interaction energy for a static configuration of water molecules. The grid spacing is 1.47 Å in the X and Y directions and 0.211 Å in the Z direction ͑the direction normal to the metal surfaces͒. Figure 2 shows the X -Y average of the electron-water potential U͑r͒ in one water configuration for each of the six systems. In each case, the height of the rectangular potential representing the vacuum barrier is taken to be 5 eV. As is clear from Fig. 2 , the effect of the waterelectron many-body polarizability is to lower the barrier. This lowering is most significant in the high potential energy regions ͑the peaks͒ and more modest in the minima. We note that the shape of the one-dimensional averaged potentials mirror the density profiles shown in Fig. 1 , a reflection of the hard-core electron-oxygen repulsion. However, one must keep in mind that the one-dimensional potentials shown in Fig. 2 may be misleading because the three-dimensional tunneling electron will most likely avoid the high potential energy regions associated with the oxygen cores.
Some information about the lateral structure of the water layers is given in Fig. 3 , where the projected X -Y distribution of the oxygen positions for one configuration of the one-layer, two-layer, and three-layer systems is depicted. It is useful to analyze these structures in terms of the projected two-dimensional density of oxygen cores. We note that there is considerable cubic symmetry ordering, which reflects the underlying symmetry of the Pt͑100͒ surface. However, because this cubic structure is incompatible with the water hydrogen bonding structure, there are defects and some disorder in the structure. 17, 27 These defects constitute ''holes'' in the one-layer structure. In the two-layer system these holes are filled, but most of the oxygen cores lie directly behind each other along the direction normal to the walls, and therefore the projected two-dimensional density is largely unchanged. In the three-layer system, the additional oxygen cores are situated in between the oxygens of the first two layers, which results in a marked increase in the projected two-dimensional density. Since the electron is unlikely to go through the oxygen cores, one may expect ͑if the tunneling is dominated by straight paths connecting the metal walls in the normal direction͒ that the transmission probability will be inversely correlated with the projected two-dimensional density of the oxygen cores and therefore significantly reduced in the three-layer case relative to the one-and two-layer systems ͑for the same distance between the metal walls͒. We see below, when we discuss the effective barrier for the electron tunneling, that the actual situation is more complicated.
D. Numerical calculation of the tunneling probabilities
In our previous calculations of tunneling probabilities through water layers, we have used the time-dependent wave packet propagation method. 3, 28 This method can become highly inefficient when the thickness of the water layer increases beyond three layers, in particular when there are long-lived resonance states in the system which result in temporal trapping of the wave packet. Thus, a new approach based on the absorption boundary conditions Green's function method is used here. 29 Briefly, the Hamiltonian for the single electron moving in the potential U͑r͒ is represented on the 16ϫ16ϫ200 cubic grid using a seventh-order finite difference representation of the kinetic energy operator. 29, 30 The total tunneling probability for an electron with a given initial energy E moving along the Z direction ͑normal to the interface͒ is calculated by sparse matrix diagonalization techniques. 31, 32 Thus, what we calculate is
where S i f (E) is the scattering matrix for the transition from the free electron state k i to the free electron state k f and ប 2 k i 2 /2m e ϭប 2 k f 2 /2m e ϭE, k i ϭk i ẑ . We emphasize that this is done for a static configuration of water molecules.
FIG. 2.
The X -Y average of the water-electron potential energy as a function of the distance between the metal surfaces. Each panel represents the potential evaluated from one water configuration for a system whose corresponding density profile appears in Fig. 1 . In each panel, the solid line corresponds to the many-body polarizable model, and the dotted line gives the potential evaluated using the nonpolarizable water-electron potential. Each potential energy curve includes the bare ͑vacuum͒ barrier of 5 eV.
FIG. 3.
Projected ͑onto the XY plane͒ positions of the water oxygens for a single configuration of the one-, two-, and three-layer water systems. In the center panel, the ''᭺'' and ''ϫ'' designate the oxygens in the two different layers. Figure 4 summarizes the results of the transmission probability through one configuration of each of the six systems, using the polarizable and nonpolarizable potentials. Also shown are the transmission probabilities through the corresponding bare barriers. ͑The bare barrier results are obtained numerically in order to test the accuracy of the program. They are very close to the results of the analytical formula given below.͒ We first discuss the low energy results ͑Eр4.4 eV͒ and then consider the transmission of electrons with near-and overbare barrier energies.
III. RESULTS AND DISCUSSION
As can be seen from the low energy region of panels ͑a͒-͑d͒ of Fig. 4 , the tunneling probability is approximately exponential in energy for Eр4.4 eV. For this energy range, the tunneling probability calculated with the polarizable model is always greater than the one calculated with the nonpolarizable model. The latter is even lower than the tunneling probability through the bare 5 eV rectangular barrier: P P (E)Ͼ P vac (E)Ͼ P NP (E). The contribution of the manybody water-electron polarizability to the enhancement of the tunneling rate has been shown in previous calculations ͑with three layers of water͒ to be the result of a lower barrier and more extended electron states. This effect seems to be getting larger as the number of water layers increases.
Because of the prominent role played by onedimensional models in the fitting of experimental tunneling results, it is of interest to analyze the numerical results of the low energy tunneling in terms of an equivalent onedimensional rectangular barrier, for which 33 Pϭ 1
where E and U b are the electron's energy and the barrier height in electron volts, respectively, and L is the barrier width in angstroms. Note that this formula also applies to over-barrier transmission, using the identity sinh 2 ͱϪx ϭϪsin 2 ͱx.
The effective one-dimensional barrier height, U b , obtained from fitting the numerical results to Eq. ͑6͒, is shown in Fig. 5 as a function of the number of water layers. ͑The barrier width is set equal to the actual width in each case. These widths are given in Table I below.͒ We first note that, as expected, the effective barrier height for the polarizable case is lower than that of the vacuum ͑by about 0.3-0.6 eV͒, and the effective barrier height for the nonpolarizable case is greater than that of the bare barrier ͑by about 0.5-1.2 eV͒. The effective barrier height depends on the number of water layers, thus showing that the one-dimensional model is not very accurate. In particular, we note the lower effective barrier in the three-layer case, despite the fact that the structure seems to be much more blocked ͑Fig. 3͒. However, the quality of the fit, as judged by the root mean square deviation of the numerical results from the analytical formula, is quite good, except for the three-layer case ͑Table I͒. This suggests that the one-dimensional model, despite being physically inaccurate, can provide a reasonable qualitative description in some, but not all ͑see the discussion on over-barrier results below͒ cases. We also mention that a two-parameter fit of the low energy results, in which both the barrier height and barrier width are allowed to vary, gives a somewhat better fit ͑but again, not for the three-layer case͒. The resulting effective barrier height is almost the same as in the one-parameter fit, and the width is always larger than the actual width. The dependence of the tunneling probability on the number of water layers is shown in Fig. 6 . We note that the near exponential behavior at the lowest energy is significantly distorted as one reaches the 4.4 eV electron energy because of the anomalously high tunneling probability through the three-layer case. This behavior is consistent with the dip in the effective barrier and the poor fit to the one-dimensional model mentioned earlier, and it suggests that the three-layer system supports a resonance state. An examination of the higher energy results ͓the solid line Fig. 4͑c͔͒ shows that there is a broad peak in the transmission probability near Eϭ4.4 eV and an even more significant peak ͑shifted to the higher energy of 5.2 eV͒ when one utilizes the nonpolarizable model but the same water configuration ͓the dotted line Fig. 4͑c͔͒ . This suggests that the existence of the resonance state is a manifestation of the water structure, and only its location on the energy scale is sensitive to the choice of the potential energy function.
If the resonance state is the result of a specific water configuration, then one would expect it to disappear or shift in energy as the positions of the water molecules change. A hint that this is indeed the case is provided in Fig. 7 , which shows the results of the tunneling calculations in two additional water configurations separated by 50 and 100 ps from the configuration discussed above. One notes that for energies both lower and higher than the presumed location of the resonance, the transmission probabilities for the three configurations are quite close, but as one reaches this region, significant deviation can be seen. In particular, the large peak in the nonpolarizable case completely disappears.
In order to better evaluate the suitability of the onedimensional tunneling model, one must examine all of the energy ranges both below and above the bare barrier. We find that whereas the low energy results can be reasonably fitted to a one-dimensional rectangular barrier model, as is evident in the data given in Table I , the fit to the whole energy range is very poor ͑and does not improve significantly when both the barrier width and height are allowed to vary͒. This is demonstrated in Fig. 8 , where we show the best fit to the numerical results for two water configurations of the three-layer case, for both the polarizable and nonpolarizable models.
Molecular dynamics studies of the structure of water at metal interfaces 17, 34 reveal that the first water layer near the surface has a unique orientational structure with a relatively high degree of order. There is a substantial potential drop across the interface, which results in lowering the work function of the metal. Some insight into the role of the first layer of water is provided by our studies of systems E and F, in which the two metal walls with the adsorbed water monolayers are separated by empty space so that the total width is the same as the full three and four layers of water, respectively. As can be seen from Table I , the effective barrier in the polarizable two layers in the space of three ͑system E͒ is equal to the effective barrier in the three-layer system, suggesting that the middle water layer does little to change the tunneling probability. It is likely that competing effects are at work here. The middle layer of water in the three-layer case is translationally disordered and decreases the probability of electron tunneling by the blocking oxygen cores ͑see Fig. 3͒ . At the same time, the additional water molecules lower the peak of the potential energy so that the end result is that the tunneling probabilities through the three-layer system ͑sys-tem C͒ and through system E are quite similar. Another interesting feature emerging from the comparison of Figs. 4͑c͒ and 4͑e͒ is that the pronounced peak in the full-layer case ͑which is especially evident in the nonpolarizable model͒ disappears when the middle layer of water is removed. This could suggest that the resonance state involves water molecules in the middle layer. However, one needs to compute the wave function associated with the electronic state in the system in order to support this suggestion. The contribution of the bulk water polarizability to lowering the energy seems to be more important than the blocking effect in the four-layer case as is evident from the fact that the effective barrier in system F ͑two layers in the space of four͒ is greater than that in system D ͑four water layers͒. We thus conclude that although the adsorbed layers of water near the metal surface are the most important for a quantitative account of the tunneling process, the role played by bulklike water polarizability and the three-dimensional structure of the oxygen cores is also significant.
IV. SUMMARY AND CONCLUSIONS
Using the absorbing boundary condition Green function method, we have calculated the transmission probability of an electron through water layers of varying thickness over a wide energy range, using both polarizable and nonpolarizable water-electron potentials.
Although we believe that our general conclusions are valid for realistic electron tunneling through water structures, our model includes some simplifying assumptions that prohibit a quantitative comparison with experiments. First, we are limited by the models used for the electron-water, electron-metal, and water-metal potentials. Although significant progress has been made in recent years in the development of water-electron pseudopotentials, 19, 21, 26 such potentials should be viewed as highly empirical. In particular, the electron-water pseudopotential describes the charge transfer as a single electron process and disregards possible contribution of hole transfer. 35 Second, we only consider static water structures, assuming that the water nuclear motion is slow on the time scale of the tunneling process. This assumption is usually valid for nonresonance tunneling processes, but is questionable when the tunneling is dominated by barrier resonances. Because of numerical constraints, we are limited to relatively thin water films that are difficult to characterize and to study experimentally. In addition, we consider only electrons incident in the direction perpendicular to the film ͑instead of averaging over an appropriate Fermi distribution of energies and over all incident directions͒. Third, limited computational resources force us to examine only a small number of configurations, i.e., an averaging ensemble which may be too small. Thus, if the tunneling process is dominated by rare molecular configurations, our calculations may underestimate the tunneling probability by missing these configurations in our limited ensemble. We would like to point out that an examination of a larger number of configurations in the three-layer case showed a relatively small scatter in the data. 3 The tunneling pathways may still be dominated by rare structures, but one first needs to identify these structures in order to estimate their probability. Finally, because of the computational limitation on the size of the Hamiltonian matrix, the grid spacing in the directions parallel to the layers may be too coarse. This could result in some details of the electron-water potential being missed which could affect the tunneling pathway.
Even with these drawbacks, we are able to gain a substantial understanding of the factors which affect electron tunneling through water. In general, the results demonstrate FIG. 8 . A comparison of numerical and fitted data over the entire energy range for electron transmission through three layers of water. In each panel, the solid line gives the numerical results and the dotted line the best fit to Eq. ͑6͒. The top two panels correspond to the two water configurations that are separated by 100 ps and using the polarizable model, and the bottom two panels are the same two configurations using the nonpolarizable model. the inadequacy of one-dimensional tunneling models and the importance of treating the molecular structure of the medium. Although low energy under-barrier tunneling probabilities can be fitted to an effective one-dimensional rectangular barrier model as long as one is far from a resonance state, the full energy range ͑including near and over-barrier transmission͒ is not well described using the onedimensional model.
We find that in all the systems studied, the water manybody electronic polarizability makes an important contribution to the electron-water potential energy and significantly affects the tunneling probabilities. In particular, in the fully polarizable model, the effective barrier is lower than the bare barrier; the observed lowering of 0.5 eV suggests the incipient development of the ''conduction band'' of water ͑V 0 Ϸ1 eV͒ in bulk water.
Finally, we find that the transmission probability is in some cases strongly affected by resonance tunneling, however, the nature of the underlying resonance states and their relative importance is a topic for future studies.
